Although the mechanism of action of antimicrobial peptides (AMPs) is not clear, they can interact electrostatically with the cell membranes of microorganisms. New ocellatin-PT peptides were recently isolated from the skin secretion of Leptodactylus pustulatus. The secondary structure of these AMPs and their effect on Leishmania infantum cells, and on different lipid surface models was characterized in this work. The results showed that all ocellatin-PT peptides have an a-helix structure and five of them (PT3, PT4, PT6 to PT8) have leishmanicidal activity; PT1 and PT2 affected the cellular morphology of the parasites and showed greater affinity for leishmania and bacteria-mimicking lipid membranes than for those of mammals. The results show selectivity of ocellatin-PTs to the membranes of microorganisms and the applicability of biophysical methods to clarify the interaction of AMPs with cell membranes.
| BA CKGROUND
Antimicrobial peptides (AMPs) are ubiquitous naturally occurring molecules forming part of many species' innate immune system. They have between 12 and 50 residues and most of them are cationic-amphipathic molecules often with a high content of a-helix in their structure. [1] Antibacterial activity is the most commonly tested antimicrobial activity for AMPs, however many other activities have also been described. [2] Regarding antiparasitic activity of AMPs, only 83 of more than 990 active peptides derived from amphibians registered at APD have been tested as antiparasitic, mostly having been tested for antimalaria activity. [3] Furthermore, no correlation between antibacterial and antiparasitic activity potencies was observed in those AMPs that have been tested. [4] Antimicrobial peptides have potential to form a new class of molecules able to treat neglected diseases, including those caused by parasites. [5] Although the mechanisms of action of AMPs against parasites are not fully understood, it has been demonstrated that generally, AMPs kill target cells by disrupting the cell membranes. [6] High-resolution microscopy techniques are powerful tools to observe the effect of antimicrobial agents on the morphology of microorganisms with resolutions on the order of a few nanometers to fractions of nanometers. [7] Both scanning electron microscopy (SEM) and atomic force microscopy (AFM) give information about sample surface topography. AFM allows sample observation under ambient conditions, with no requirement for a conductive coating. Moreover, AFM permits the quantification of roughness of membranes. Compared to AFM, SEM requires more complex sample preparation procedures for biological samples since it's a vacuum technique, but is more appropriate for characterizing large numbers of cells, since the field of view can be wider, and imaging is considerably faster.
The effects of AMPs observed on the surface structure of microorganisms can be related to their affinities to the lipid composition of the membrane: prokaryotic and eukaryotic membranes vary considerably in lipid contents. Anionic lipids are exposed at the surface of many bacterial membranes, while in eukaryotic membranes contain very low concentrations of anionic lipids. Phosphatidylethanolamine (PE) is present at high concentration in many bacteria specie surfaces, while in mammalian cells, this lipid makes up less than 5% of the surface lipid composition. Several studies show the increasing role of PE as a lipid receptor in the action of AMPs (reviewed in Ref. 8) . Phosphatidylglycerol (PG) is another of the essential components of bacterial cell membranes, which confers a negative charge at physiological pH and has a role is providing bacterial membrane stability. [9] Overall, PE and PG make up a great proportion of the lipid contents of the E. coli inner membrane. [10] In the case of parasites, a number of studies demonstrate that phosphatidylcholine (PC) and PE are the two most abundant phospholipid classes in the membrane of some species, including Leishmania. [11] Surface plasmon resonance (SPR)
is a useful tool for studying membrane affinity of small molecules. This technique can be used to measure the interaction of peptides with different synthetic lipid bilayer models. [12] In this work, dimyristoylphosphatidylcholine (DMPC) is used as a model for eukaryotic membranes while POPE: POPG (75:25) and POPC:POPE (75:25) are used as models for E. coli and parasite membranes, respectively. These first two have been used by other authors as models for these classes of cell, [9a,13] while to our knowledge no work on model membranes of Leishmania has been carried out.
Recently we isolated eight new AMPs from the skin secretion of Leptodactylus pustulatus. They belong to the ocellatin peptide family found in the genus Leptodactylus. The first member of this family, ocellatin-1, was described in the specie Leptodactylus ocellatus, [14] then 23 more peptides
were described with similarities in amino acid sequence in seven species of the same genus. [14, 15] This family of peptides was predicted to have an amphipathic a-helix secondary structure and they possess in general low potency against Gram-negative tested strains and no activity or higher MICs for Gram-positive strains. However no biological effects other than bacterial growth inhibition have been described for ocellatin peptides except for plasticin-L1 that presented a modest insulin-releasing effect when tested in vitro [16] and leptoglycin and ocellatin-F
(fallaxin) that were tested against human pathogenic fungi but did not show any growth inhibition. [17] In this work we characterized the secondary structure of ocellatin-PT peptides by circular dichroism (CD) and we evaluated their effect in vitro in Leishmania infantum (= L. chagasi) cultures, by high-resolution microscopy techniques (AFM and SEM), and on different lipid systems by SPR.
| M E T H O D S

| Peptide synthesis and characterization
All of the peptides were manually synthesized using a solidphase approach using F-moc/tert-butyl chemistry. Peptide elongation was carried out in polypropylene syringes fitted with a polyethylene porous disk. Solvents and soluble reagents were removed by suction. A Wang resin (Peptides International) was used for the synthesis of the peptides, except when the amidated N-terminal peptides were produced, for which a Rink amide MBHA resin (Peptides International) was used. Table S1 . All peptides synthesized as well as some physico-chemical characteristics relevant as isoelectric point [19] and GRAVY (Grand Average of Hydropathy) [20] are shown in Supporting Information (ii) axenic amastigotes were seeded at 1.5 3 10 5 cell per well in MAA20. Parasites were exposed to different concentrations of peptides for 24 h. Parasite viability was then determined by the resazurin assay [22] and calculated as the percentage in relation to control cultures. Data were analyzed with GraphPad Prism 5 software and IC 50 values determined.
| Generation of bone-marrow derived macrophages (BMDM)
Bone-marrow (BM) cells were isolated by flushing femurs and tibia of BALB/c mice with Hank's Balanced Salt Solution (HBSS, Gibco), and differentiated into BM derived macrophages (BMDM) via an adaptation of a previously described protocol. [23] Briefly, BM cells were collected, cen- After 10 days the culture was composed of differentiated macrophages.
| Assessment of cytotoxicity to BMDM
Cytotoxicity of peptides was determined in BMDM using a standard resazurin assay. [22] Cultures of BMDM were supplemented with different concentrations of the test compounds and further incubated for 24 h. Then, 10% (v/v) of a 2.5 mM resazurin solution (Sigma) was added to each well. Cells were incubated for 2 h and fluorescence measured (560 Ex /590 Em ) using a SpectraMAX GeminiXS microplate reader (Molecular Devices LLC). The percentage of viable BMDM was calculated in relation to control cultures to which no peptides were added. Data were analyzed with GraphPad Prism 5 software and 50% cytotoxic concentration (CC 50 ) values determined.
| Circular dichroism studies
We studied the secondary structure content by CD spectroscopy in the far UV, using a Jasco J-815 CD Spectropolarimeter (Jasco Corp.). The measurements were performed under nitrogen gas flow of 8 L/hour at a temperature of 20°C, controlled by a Peltier system (JASCO). Spectra were recorded between 190 and 260 nm, using a 10 mm cell path length. The peptide concentrations were 100 mM and the 2,2,2-Trifluoethanol (TFE) concentrations were 0%, 10%, 20% and 40% (v/v) in Milli-Q water. For the studies using liposomes, the LUVs (for preparation details see below) were used at a lipid concentration of 1 mMdm
23
, and peptides were used at 100 lM concentration. These experiments were carried out at a controlled temperature of 37°C, and other conditions were the same as for the TFE studies. In order to reduce the interference by light scattering from the vesicles, a reference spectrum of a solution containing only LUVs in buffer, with no peptide was used as a background and subtracted from the spectra before plotting and before analysis. We used a scan speed of 50 nm/min, a response time of 1 s and a bandwidth of 1 nm. The spectra were converted to molar ellipticity per residue by using the relationship:
), Õ the ellipticity in millidegrees, n is the number of peptide bonds and c its molar concentration, d the length of the cell in centimeters. Helicity content estimates were calculated using the Dichroweb online service, [24] using the CONTIN-LL method.
[25]
| Morphological studies using SEM and AFM
To evaluate the morphological effects resulting from treatment with ocellatin-PT peptides, we select two of the eight peptides, to represent both ocellatins size classes used in this study. Ocellatin-PT1 represents those with small size (25 residues) and ocellatin-PT8 represents large size peptides (31 residues). These peptides were also selected because of their low cytotoxicity to mammalian cells. We used a 96 well microculture plate with 100 mL of RPMI 1640 per well, to which were added 2 3 10 6 promastigote forms per well, in triplicate. Three conditions were studied: a negative control (no peptide), a sample treated with ocellatin-PT1 or ocellatin-PT8 at the concentration of 16 mg/mL and 64 mg/mL. Plates were incubated at 37°C for 24 h. Cultures were transferred to tubes and were centrifuged at 100 3 g for 15 minutes. Culture medium was removed and a wash with sodium cacodylate buffer was performed (5 minutes, 100 mM; pH 7.2), after buffer removal a primary fixation with glutaraldehyde solution (60 minutes, 2.5% in 100 mM Na-cacodylate, pH 7.2) was made. After this time, two buffer washes were made to remove glutaraldehyde. The cells were then transferred to poly-L-lysine-treated glass slides (10 mm diameter) and they were left to settle for 60 minutes. Later, the samples were washed (twice) with ultrapure water, and slides were covered with osmium tetroxide solution (at 4°C , 1% in 100 mM Na-cacodylate buffer, pH 7.2) for secondary fixation. After this, the osmium tetroxide solution was removed by ultrapure water wash, and then the samples were treated with a graded ethanol series for dehydration (25, 50, 75 , and 100% twice, 5 minutes each). Finally, the samples in 100% ethanol were transferred to a critical point drying (CPD) device. After CPD the samples were maintained in a dry environment. The samples were then divided in two. One set of these samples were subjected to Au/Pd coating before SEM analysis; the other set of samples was used for AFM analysis without further treatment.
SEM was performed using a FEI Quanta FEG 400 scanning electron microscope. Images were collected in both secondary electron (SE) and (BSE) imaging modes. Typical imaging conditions were 15 kV acceleration, and 10-12 mm working distance; spot size and aperture were adjusted to achieve the best possible resolution. Many areas were imaged per sample, representative images are shown.
AFM was performed with a TT-AFM atomic force microscope from AFMWorkshop. A 50 3 50 3 17 mm scanner was used, in vibrating mode. ACT probes from AppNano were used with resonance frequencies of approximately 300 kHz. Images were processed and displayed using Gwyddion software, which was also used to calculate RMS roughness (Rq) of central areas of membranes of the parasites. A p value of <0.05 was considered to be significant. . The films were left under vacuum for 3 h to remove all traces of the organic solvent. Resulting dried lipid films were dispersed with HEPES buffer (0.1 M NaCl, pH 7.4) then the mixture was vortexed above the phase transition temperature of the lipid (40 ± 0.1°C used for all lipid systems studied) to produce multilamellar large vesicles (MLVs). The MLVs were processed by five cycles of freezing in liquid nitrogen and thawing by brief immersion in a boiling water bath. Lipid suspensions were then equilibrated above the phase transition temperature of the lipid for 30 min and extruded 10 times through 100 nm polycarbonate filters to produce large unilamellar vesicles (LUVs). Extrusion of the liposomes was performed using a LIPEX Biomembranes extruder attached to a thermostatic circulating water bath. The size distribution of the LUVs was determined by dynamic light scattering (DLS) analysis using a Malvern Instruments ZetaSizer Nano ZS and the hydrodynamic diameters are listed in Supporting Information Table S2 .
| SPR measurements
SPR experiments were carried out using a Biacore X100 analytical system with a L1 sensor chip (Biacore). Prior to use, the L1 chip surface was washed with a conditioning cycle consisting on the injection of 3-[(3-cholamidopropyl)dimethylamonio]-1-propanesulfonate (CHAPS), 20 mmol.dm 23 followed by running buffer (HEPES). The interaction of the ocellatins-PT1 and PT8 with the lipid models was examined at peptide concentrations of 0, 2, 3, 4, and 5 lmol.dm 23 ished with an injection of running buffer at 5 ll/min for 500 s. After stabilization, peptide solution was injected at a flow rate of 10 ll/min during 100 s followed by a dissociation time of 10 min (Supporting Information Figure S1 ). Then the lipids were removed by a double injections of CHAPS and running buffer, both at a flow rate of 10 ll/min for 150 seconds. The running buffer was 20 mM phosphate buffer pH 7.4, 150 mM NaCl. Kinetic analysis of the sensorgrams was performed using the two-state curve fitting model.
| RE SU LTS
| Biological assays
In this work, we analyzed the biological activity of eight ocellatin-PT peptides against L. infantum promastigotes and amastigotes and their cytotoxicity to bone marrow-derived macrophages (BMDM). Anti-parasitic activity of PT3, PT4, PT6, PT7, and PT8 eliminated half of the promastigote population (Table 1 and Supporting Information Figure S2 ) at concentrations between 9.8 and 15.4 mM, while 50% inhibitory concentrations (IC 50 ) of ocellatins PT1, PT2 and PT5 were 24, 49 and 26 mM. Amastigotes were more resistant to the action of these AMPs, the most effective being Ocellatin-PT6 and PT4 that showed (IC 50 of 19.8 and 28.9 mM, respectively (Table 1 and Supporting Information Figure S3 ). None of the other peptides had a detectable effect on the amastigotes in the concentration range tested.
As depicted in Table 1 and Supporting Information Figure S4 , the cytotoxicity of the AMPs toward our mammalian cell model, bone marrow-derived macrophages (BMDM), was in general low. All the peptides presented 50% cytotoxicity concentrations (CC 50 ) superior to the highest concentration tested, 150 mM (>512 mg/mL) with the exception of PT4 that had a CC 50 of 101.5 mM.
.2 | STR UCTU RAL ST UDIES
Ocellatin-PT secondary structures were studied using CD spectroscopy both in the absence and presence of increasing amounts of TFE, and selected peptides were further probed in the presence of the three membrane models used in this work, namely DMPC-the mammalian cell membrane mode), POPE:POPG (75:25)-Gram negative bacterial cell membrane model, and POPC:POPE (75:25)-the cell membrane model for leishmania. CD studies were performed in order to be compared with the three-dimensional structural models of ocellatin-PT peptides previously described using the web resource PEP-FOLD [19] . Three-dimensional structure predictions previously described showed two similar ahelix structures in all Ocellatin-PT peptides: one smaller at the N-terminal that covered residues 1 to 8 separated by a small random coil from a bigger a-helix that covered [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] residues. Predicted models showed small differences probably due to some residue differences between peptides [19] . CD measurements of ocellatin-PT peptides in water and 10% of TFE indicate a random conformation with a minimum close to 198 nm (Figure 1 ). However as TFE concentration increases, the shape of CD spectra suggest the tendency to form defined secondary structures. All CD spectra at 40% TFE showed one maximum at 191 nm and two minima around 207 and 220 nm characteristic of a-helix structures Table S3 ). The estimated helicities varied form peptide to peptide, being as low as ca. 17% for Ocellatin PT-3, to over 38% for Ocellatin PT-8. However, all peptides showed increased helicity with increasing TFE concentration. This data correlates with the results obtained for plasticin-L1, the only one of the 23 AMPs isolated from the skin secretion of frogs from the genus Leptodactylus that has been previously studied by CD [21] . Plasticin-L1 CD spectra showed a helical structure when dissolved in 50% TFE, but not when dissolved in water or methanol [21] . This solventdependent structure adoption could indicate that these peptides are unstructured until interaction with microorganism membranes, as was previously demonstrated for AMPs of other species.
In order to test this hypothesis, we also tested the CD response of two selected peptides (ocellatins PT-1 and PT-8) to the presence of lipid membranes in the form of LUVs. These two peptides were chosen as representing different properties of the peptides within this class, Ocellatin-PT1 being a shorter peptide with relatively low charge (25 residues, pI of 8.44) while Ocellatin-PT8 is the longest peptide in the group and highly cationic (32 residues, pI of 9.82). Figure 2 , and estimated helicity percentages are reported in Supporting Information Table S4 . The results show environment-dependent structural changes in the peptides, confirming the results shown with the TFE. The results however, were somewhat more complex. Overall, while we saw increases in helicity when the peptides were solutions containing lipid vesicles, the amount of secondary structure depended strongly on the peptide studied and the type of lipid in the vesicle. Both peptides studied developed alpha helical character in the presence of the bacterial membranemimicking model (POPE:POPG), but to a lesser extent, in the case of leishmania membrane model (POPC:POPE). Furthermore, in the case of the DMPC, the peptide Ocellatin-PT1 developed considerable helical content, while the Ocellatin PT-8 peptide did not. This contrast with cytotoxicity results reported here (Supporting Information Figure S4 ), and previously, [15a] showing no difference between these peptides in terms of cytotoxicity toward mammalian cells.
| Morphological studies
SEM and AFM were used to generate high-resolution microscopy data on morphological alterations caused by the ocellatins under study on L. infantum promastigote forms. Both techniques complement each other. AFM is a rather slow high-resolution imaging technique that enables texture analysis of the membranes, while SEM's speed and wide field imaging allow an overview of the variety in morphology of the cells. Typically for each sample, more than 20 cells were scanned with SEM, while 4-6 cells were examined with the AFM. This complementarity between SEM and AFM imaging has been exploited by us to examine peptide-treated Leishmania promastigotes previously. [26] Representative images from both techniques are shown (Figures 3 and 4) . Examining the SEM images, considerable changes in the membranes of the parasite body upon treatment with the peptides was observed (Figure 3 ). Both ocellatin-PT1 and ocellatin-PT8 has similar effects. At the 16 mg/mL peptide concentration ( Figures 3B and 3C) , the cells showed several raised circular features, consistent with large vesicles in the membrane. The images shown in Figure 3 are SE images. Backscattered electron (BSE) images, acquired simultaneously are shown in the supporting information (Supporting Information Figure S5 ). BSE images are less surface sensitive, and show more information from deep within the sample. The BSE images revealed even more circular features (presumably vesicles), as well as dark patches perhaps reflecting areas of the membranes that had undergone membrane thinning. [27] These features were largely absent from control cells (see Figure 3A) . After treatment at 64 mg/mL ( Figures 3D and 3E ), the cells were further altered, the raised "blister-like" swellings being replaced with what are apparently deep holes in the cell body. In some cases, the appearance of these holes gave the impression that the cell had undergone lysis, while at 16 mg/mL, alterations were mostly limited to vesicle appearance and collapse. In the BSE images (Supporting Information Figure S5 ), dark patches were sometimes observed along the membrane, as well as more hole-like alteration as observed in the SE images. In previous work it was observed that the shape of the cells changed upon treatment with the AMP DRS-01, becoming more rounded and significantly shorter overall. [26] In this work, we did not notice gross morphological changes of this type in the images (see Figure 3 where the overall shape of the cells does not change). Using lower magnification images, we measure the length of the cell bodies, for the cells treated with 16 mg/mL and found there were small but non-significant changes in cell length. Control cells measured 9.6 ± 2.2 (N = 21), while Ocellatin PT-1-treated cells measured 8.4 ± 1.3 mm (N = 7), and Ocellatin PT-8-treated cells measured 8.3 ± 2.2 mm (N = 14). Samples treated with 16 mg/mL peptide were also examined with AFM. These samples were treated in parallel with the SEM samples, but neither metal-coated nor exposed to vacuum. The lack of metal coating allows texture analysis without interference from metal grains from the sputtering procedure, and not exposing the cells to vacuum removed the possibility of vacuum-induced morphological changes. The images shown in Figure 4 largely show similar effects to those seen in the SEM samples. Circular features (sometimes collapsed in the center) in the two treated samples indicated the presence of blister-like features. Examination of the cell surface images from the AFM results showed a change in texture over the whole membrane in the treated sample compared to the control. Measurement of roughness was performed along the center of the cell membranes in treated and untreated cells. All cells imaged were measured, and the results averaged ( Figure 5 ). The averages for both cells treated with ocellatin-PT1 and -PT8 were higher than the control cells. Further, the roughness of ocellatin-PT8-treated cells was higher than that found after treatment with ocellatin-PT1, although the difference was slight. In fact, the standard deviation was quite large for all of these measurements. This is not surprising, since the treated cells were quite heterogeneous, and biological cells vary quite a lot in roughness. Presumably due to the large variability in surface texture, the results failed the Student's t-test for statistical significance (p > .05), nevertheless suggest an overall change in membrane texture upon treatment.
| Binding property of peptides to lipid membranes
The binding of the ocellatins PT-1 and PT-8 to lipid model membranes was explored using SPR. DMPC, POPC:POPE (75:25) and POPE:POPG (75:25) liposomes were used to mimic mammalian, leishmania and bacteria membranes, correspondingly. At the higher concentrations of peptide used, the decrease of the SPR signal clearly showed that the lipid bilayer was affected by the peptide. In fact, lipid bilayers were very unstable at high concentrations of the peptide, making measurements unreliable. Therefore, we used separate cycles of lipid deposition for each peptide concentration tested. Supporting Information Figure S1 depicts an example of an SPR experiment cycle, showing the deposition of the Injections of peptide occurred between t = 0 and t = 100 and the peptide was then allowed to dissociate for a further 600 seconds (between t = 100 and t = 700 seconds) as buffer flowed through the system lipid bilayer followed by the peptide injection and finalizing with the lipid bilayer removal with CHAPS detergent. This cycle was repeated for each peptide concentration used. The sensorgrams obtained for the interactions of ocellatins-PT1 and PT-8 with the different model membranes used are depicted in Figure 6 . The binding constants, calculated using the kinetic two-state reaction model, are listed in Figure 6 can also give information to make an analysis of the binding affinity at the equilibrium with a steady-state binding model. However, since we used anti-bacterial peptides that, at high concentration, are able to destroy the lipid membranes, we were forced to use a range of small concentrations and thus we were unable to reach the saturation concentration for these binding curves. Thus we measured a linear dose-response relationship at the equilibrium and the results are shown in Figure 7 
| DISCUSSION
| Biological assays and morphological studies
To the best of our knowledge, this work represents the first time that a wide range of related peptides have been tested against antileishmania models.
[ 28] The work showed that all the analyzed ocellatin-PT peptides are active against Leishmania promastigotes and some against amastigotes. Comparing with previous results of antibacterial activity tests, [15a] we observe slightly superior antiparasitic potency for the same peptides. Conversely, the peptides have low toxicity for macrophages confirming previous studies with other mammalian cells, a fact that may be related to differences in membrane composition between the mammalian and parasitic cells. Microscopy results showed considerable morphological changes of L. infantum cells upon treatment with the ocellatin-PT1 and ocellatin-PT8. However, differences in morphological effects between the two peptides tested were not significant. Comparing image results with those previously published where considerable roughening of the membrane, shortening and rounding of the cells, as well as apparent changes to flagella was evidenced in promastigotes cells after treatment with DRS-01, [26] we observed more localized changes in promastigote cells after ocellatin-PT peptides treatment. The membrane itself showed visible but not significant roughening, while large blister-like protrusions appeared at lower concentrations and large holes in the membranes, some passing deep into the cell body, were observed at higher concentrations. It seems likely these are the result of the vesicalization/micellization of membrane lipids also observed at lower concentrations, and clearly represent a complete undermining of the membrane structure. In addition, at the lower concentration, the membranes showed dark patches (lower contrast) in some regions. This could be due to membrane thinning. Bearing in mind that this lower concentration was below the IC 50 , while the higher concentration was above it, it seems likely that formation of vesicles and/or membrane thinning is a sub-lethal cell alteration caused by these peptides, while the penetration of the membranes illustrates effects that occur at a lethal concentration. It is clear from the literature, [27] that even among peptides which act directly on lipid membranes, the actual mechanism is a result of the combination of the specific peptide structure and the lipid composition of the membrane under study. Based on very different microscopy results, using the same parasite model, we conclude that the mechanisms of action of these new ocellatin-PT peptides is different to that of the DRS-01 previously described, which has a very distinct sequence compared to the ocellatins. [26] 4.2 | Structural studies, binding property of peptides to the lipid membrane, and comparison with bioactivity
The structural study of the ocellatin-PT peptides lead to the conclusion that these peptides most likely change their sstructure when they contact microorganism membranes, supporting the theory that the peptide interaction with the microorganism's membrane should be crucial for its activity, as demonstrated by AFM with leishmania (in this work) and with bacteria previously.
[15a] However, there was no direct relation between the changes seen in systems with model membranes and the toxicity toward the modeled cell types. This could mean either that the simple models used are not adequate to fully probe secondary structures formed in contact with cells, or that for these peptides, alpha-helical structures are not a prerequisite for the mode of action. Ocellatin-PT peptide interactions with different membrane models was then further investigated in this work using SPR, a technique that has been highlighted recently as one of the main biochemical techniques used to study molecular interactions. [29] The study of the binding of ocellatins PT-1 and PT-8 with different membrane models showed a higher affinity of both peptides for models for Gram-negative bacterial and leishmania membranes when compared to mammalian membranes. This correlates with previously described antibacterial tests and cytotoxicity studies, suggesting that the selectivity is based on membrane lipid composition.
[15a] Anti-L. infantum and anti-E.
coli IC 50 and MIC concentrations were 24 mmol.dm 23 and 300
mM respectively for ocellatin PT-1 and 15.5 mmol.dm 23 and 60 mM respectively for ocellatin PT 8 while insignificant or null hemolytic and cytotoxicity activity were observed at the determined IC 50 and MICs. In brief, ocellatin-PT peptides present a solventdependent a-helix structure adoption that suggests a change in confirmation upon interaction with microorganisms. SPR studies demonstrate that peptides have preferential affinity for parasite and bacterial membrane models compared to the mammalian membrane model, this correlates with the in vitro activity tests performed in this work and previously with parasites, bacteria, human erythrocytes, murine fibroblast cells and bone marrow-derived macrophages. Highresolution microscopy techniques show peptide action through pathogen-membrane morphology alteration that could be due to membrane thinning and vesicle formation with final penetration provoking lysis. The mechanism of action is likely a result of the combination of the peptide structure and lipid composition of the membrane under study. Based on the cationic nature of these peptides, and the net positive charge of many bacterial membranes, the initial step in interaction is likely to be dependent on electrostatic interactions. [27] Similarly, electrostatic factors may explain their low cytotoxicity toward mammalian cells. [30] These results confirm the potential of ocellatin peptides to be used as therapeutic molecules due to high selectivity for microorganism membranes against mammalian membranes. The correlation of results between SPR, AFM and biological activity allows the conclusion that the use of biophysical techniques such as AFM and SPR enriches and complements the in vitro study of activity of peptides against microorganisms.
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